1. Introduction {#s0005}
===============

HIV-1 is an enveloped retrovirus that acquires entry into the host cell primarily through well-studied receptor-mediated fusion interactions between the host and virus via cluster of differentiation 4 (CD4) and chemokine receptors. Although there is a vast amount of information regarding how specific proteins mediate virus-cell infection, less is known about the role of lipids in this process. The HIV-1 envelope (Env) is acquired as the virus particle buds from the cell. This Env includes proteins and lipids that are selectively obtained from the host membrane. For example, glycophospholipids in target cell membranes have been shown to increase HIV-1 infection [@bb0005], [@bb0010]. One enriched membrane phospholipid in the HIV-1 Env is phosphatidylserine (PtdSer) [@bb0015]. PtdSer has the ability to mediate cell-cell interactions, function as a ligand in the viral membrane, and may act as a factor in virus-target cell fusion [@bb0020].

The T-cell immunoglobulin mucin (TIM) family proteins, which play important roles in immunity and disease [@bb0025], [@bb0030], have three members in humans (TIM-1, 3 and 4), and eight in mice (TIM 1-8). Although the role of TIM proteins with respect to their involvement in HIV-1 binding, entry, and release remains poorly understood, TIM-1 and TIM-4 have been shown to act as PtdSer receptors in the engulfment of apoptotic cells, and also may be involved in intracellular signaling related to exosomes. TIM-4 contains one Ig-like V-type (immunoglobulin-like) domain. Despite significant sequence variations, the IgV regions of all TIM proteins contain a phospholipid binding site that is absolutely conserved [@bb0035]. Human TIM-4 has been found to be expressed mainly in macrophages and dendritic cells, and possibly act as a ligand for TIM-1, thereby facilitating T-cell activation [@bb0040], [@bb0045]. TIM-1 also has been reported to be expressed in activated CD4^+^ T cells [@bb0050], [@bb0055], which are the major targets of HIV-1 infections.

We recently demonstrated that TIM-4 may be involved in the cellular entry of the adenovirus (i.e., non-enveloped virus), which is facilitated by exosomes [@bb0060]. TIM proteins have also been associated with enhanced entry of a broad range of enveloped viruses [@bb0065], [@bb0070], [@bb0075]. TIM proteins on enveloped viruses (e.g., Ebola, dengue, and West Nile viruses) have been reported to enhance virus entry by binding to PtdSer molecules exposed on the virus surface [@bb0065], [@bb0080]. Such PtdSer-dependent enhancement of virus entry has been termed 'apoptotic mimicry', and appears to be a general mechanism of extracellular PtdSer receptors [@bb0085]. Other PtdSer receptors, such as Axl and advanced glycosylation end product-specific receptor (AGER), which do not belong to the TIM family, also block HIV-1 release, but in an isolate-dependent manner [@bb0030], [@bb0085], [@bb0090], which suggests that AGER may differentially bind to HIV-1.

Given that HIV-1 is highly enriched with PtdSer, we hypothesized that HIV-1 Env glycoproteins would interact and bind to PtdSer family receptor proteins, including TIMs and AGER. In this study, we demonstrated that the PtdSer family of receptors interact and bind differentially with HIV-1 Env glycoproteins from various HIV-1 clades. We also determined the specific association/dissociation and affinity rates/constants between HIV-1 Env glycoproteins and PtdSer receptors.

2. Materials and methods {#s0010}
========================

2.1. Western blot analysis {#s0015}
--------------------------

To analyze HIV-1 protein expression, in brief, 2 × 10^5^ HEK-293 cells were transfected for 48 h with either psh-CMV-HIV-Env (2.5 μg) or mock-transfected (control). The cell lysates were prepared and analyzed as follows: the HEK-293 cells were rinsed once in PBS and lysed in RIPA buffer on ice for 20 min. Then crude lysates were centrifuged (12,000 rpm × 10 min at 4 °C) to collect the supernatants. Equal amounts of lysate from transfected or mock-transfected cells were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were transferred to polyvinylidene fluoride membrane and western blot analysis was performed with 2F5 or 4E10 antibody (1:1000) (NIH AIDS Research and Reference Reagent Program). 2F5 antibody Cat\# 1475, 4E10 antibody Cat\# 10091. Goat anti-human IgG-HRP (1:2000) was applied. The membrane was developed with 3,3′-diaminobenzidine solution.

2.2. Enzyme-linked immunosorbent assay (ELISA) {#s0020}
----------------------------------------------

The ELISA was performed essentially as described previously [@bb0060], [@bb0095]. In order to determine if expressed HIV-1 Env protein presented in lysate bound to recombinant TIM-4 protein the following experiment was performed. TIM-4-His~6~ protein (150 ng/well) (Sino Biological Inc., Cat\# 12161-H08H) was immobilized on a 96-well plate (Nunc Maxisorp, Rochester, NY) by overnight incubation in 100 μl of 100 mM carbonate buffer (pH 9.5) per well at 4 °C. The plate was washed with 0.05% Tween 20 in Phosphate-buffered saline (PBS) and blocked in blocking solution (5% bovine serum albumin and 0.05% Tween 20 in PBS). Lysates from 1 × 10^6^ HEK 293 cells untransfected or transfected with either psh-CMV or psh-CMV-HIV-Env (2.5 μg, transfected for 24 h) were applied to the plate at 60 μg/well. The plate was washed and blocked, followed by the application of HIV-1-specific human monoclonal antibody 2F5 or 4E10 (1:2000). Goat anti-human IgG-HRP (1:2000) was applied to the plate, which was then treated with o-phenylenediamine dihydrochloride peroxidase substrate (OPD). The ELISA plates were read at OD450 nm.

In order to determine if HIV-1 recombinant glycoproteins bound to recombinant TIM-4 or AGER proteins the following experiment was performed. The ELISA plates were incubated overnight with 200 ng/well of different recombinant gp140 proteins \[NIH AIDS Research and Reference Reagent Program, UG37 cat\#12063; SF162 cat\#12026; CN54 cat\# 12064; UG21 cat \#12065; BR29 cat\# 12066\] or binding buffer (control) in 100 μl of 100 mM carbonate buffer (pH 9.5) per well at 4 °C. The plates were then washed and blocked as described above. Next, TIM-4-His~6~ protein, AGER-His~6~ protein or Axl-His~6~ protein (400 ng/well) were bound to the plate. The plates were washed and blocked followed by the addition of mouse anti-His~6~ monoclonal antibody (1:5000). Goat anti-mouse antibody IgG-HRP (1:5000) was applied to the plates, which were then treated with OPD peroxidase substrate and read at OD450 nm.

2.3. Surface plasmon resonance (SPR) analysis {#s0025}
---------------------------------------------

In order to determine the binding kinetics of HIV-1 glycoproteins to recombinant TIM-4 or AGER, SPR analysis using a Biacore T200 biosensor was employed. TIM-4 or AGER proteins were amine coupled to Sensor CM5 chip surfaces according to the manufacturer\'s recommendations. A series of HIV-1 UG21 gp140 concentrations (0.0625-1.0 μM) were injected (30 μl/min) over a blank Sensor CM5 chip amine coupled TIM-4 or AGER surfaces. Specific binding responses (resonance units \[RU\]) were defined by double referencing, subtraction of non-specific binding to a blank CM5 surface, and buffer (controls). Kinetic constants were estimated using BIA evaluation software and global fits of the data, based on the two-state reaction model.

Supplemental Figures/Injection Time Test: a linked-reaction control experiment was carried out to further decipher the conformational change, which occurs in both the AGER and TIM-4 interaction with HIV-1 UG21 gp140, as evidence by the two-state kinetic fit model. This was performed by injecting a high concentration of HIV-1 UG21 gp140 (2 μM) over the immobilized AGER and TIM-4 at a flow rate of 10 ul/min with fixed times of 0.5, 3 and 10 min, respectively. The dissociation time was set at 10 min for each injection. The resultant sensorgrams were adjusted to zero response at the baseline report point and zero time at the end of the sample injection. The observed dissociation rates were then compared at the different contact times.

3. Results {#s0030}
==========

3.1. Expression of HIV-1 envelope protein {#s0035}
-----------------------------------------

We hypothesized that HIV-1 Env interacts with TIM-4 because other RNA viruses, such as the Ebola and Marburg viruses, associate with TIM family proteins. In order to confirm this hypothesis, we first expressed HIV-1 Env proteins for subsequent experiments. HEK-293 cells were transfected with an expression plasmid encoding for HIV-1 Env, R5X4-tropic clade B strain 89.6 (GenBank: [U39362.2](ncbi-n:U39362.2){#ir0005}), psh-CMV-HIV-Env [@bb0100]. HIV-1 Env expression was compared to untransfected HEK-293 cells. Cell lysates were subjected to western blot analysis with human anti-HIV antibodies 4E10 ([Fig. 1](#f0005){ref-type="fig"}A) and 2F5 ([Fig. 1](#f0005){ref-type="fig"}B). As anticipated, transfections with psh-CMV-HIV-Env [@bb0100] yielded HIV-1 specific proteins. Both 4E10 and 2F5 antibodies detected HIV-1 Env proteins at \~ 160 kDa and \~ 41 kDa, in contrast to what was observed in the control lysate sample.Fig. 1HIV-1 envelope expression in HEK-293 cells. 2 × 10^5^ HEK-293 cells were transfected for 48 h with either psh-CMV-HIV-Env (2.5 μg) (lane 1) or mock-transfected (control) (lane 2). The cell lysates were collected and quantitated. Lysate from transfected or mock-transfected cells were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by western blot analysis with (A) 4E10 or (B) 2F5 antibody.Fig. 1

3.2. TIM-4 and HIV-1 Env proteins interact via enzyme-linked Immunosorbent assays {#s0040}
---------------------------------------------------------------------------------

We investigated the putative interaction between TIM-4 and HIV-1 Env proteins from the clade B strain 89.6 via sandwich ELISA ([Fig. 2](#f0010){ref-type="fig"}A). ELISA plates were coated with 150 ng/well of TIM-4-His~6~ protein, washed, and blocked, followed by the application of three different cell lysates: cell only, psh-CMV-transfected, and psh-CMV-HIV-Env-transfected [@bb0100]. HIV-1 89.6-specific human monoclonal antibody was then applied. We found greater binding with the application of psh-CMV-HIV-Env-transfected cell lysate compared with control conditions (i.e., cell only or psh-CMV-transfected groups), suggesting a specific interaction between the TIM-4 protein and HIV-1 Env.Fig. 2HIV-1 envelope binds TIM-4 protein.(A) 1 × 10^6^ HEK-293 cells were either untransfected or transfected with either psh-CMV or psh-CMV-HIV-Env (2.5 μg). The cell lysates were collected and protein concentration was determined. TIM-4-His~6~ protein was coated on ELISA plates at 150 ng/well. The plate was washed and blocked, followed by the application of three different conditioned cell lysates (60 μg/well, n = 3). HIV-1-specific human monoclonal antibody 2F5 or 4E10 was applied to the plate after washing and blocking. Goat anti-human IgG-HRP was applied to the plate, which was then treated with o-phenylenediamine dihydrochloride peroxidase substrate. Signals were read at OD450 nm and expressed as fold change. (B) ELISA plates were incubated with 200 ng/well of recombinant gp140 proteins (UG37/HIV/Clade A, SF162/HIV/Clade B, CN54/HIV/Clade C, UG21 HIV/Clade D, or BR29/HIV/Clade F). The plates were washed and blocked, followed by the application of TIM-4-His~6~ protein (400 ng/well, n = 3) or binding buffer (control). Next, mouse anti-His~6~ monoclonal antibody was applied to the plate after washing and blocking. Goat anti-mouse antibody IgG-HRP was applied to the plate, which was then treated with OPD peroxidase substrate and read at OD450 nm. Background OD values were \~ 0.004. (\*\*) = *P* ≤ 0.01, (\*\*\*) = *P* ≤ 0.001, (\*\*\*\*) = *P* ≤ 0.0001.Fig. 2

We performed additional ELISA assays to confirm the specific interaction between HIV-1 Env glycoproteins and TIM-4, as well as to uncover whether a wide spectrum interaction exists across different HIV-1 clades. For these experiments ([Fig. 2](#f0010){ref-type="fig"}B), we used the following recombinant gp140 proteins (i.e., truncated soluble forms of Env): UG37/HIV/Clade A, SF162/HIV trimer/Clade B, CN54/HIV/Clade C, UG21/HIV/Clade D, and BR29/HIV/Clade F. In brief, ELISA plates were coated with recombinant gp140 HIV-1 proteins from clades A, B, C, D, and F, followed by the addition of TIM-4 histidine (His~6~)-tagged protein or buffer control. We found significant binding of recombinant TIM-4 protein and all gp140 proteins (*P* ≤ 0.001). BR29/HIV/Clade F exhibited the highest TIM-4 binding, followed by UG21 HIV/Clade D (*P* ≤ 0.0001). These data confirm a specific interaction between TIM-4 and cross-clade HIV-1 Env glycoproteins. We decided to evaluate UG21 clade D for further analysis because UG21 yielded an average response in our gp140/TIM-4 ELISA; therefore, we felt that this would be a good representative gp140 protein for further analysis.

3.3. AGER and Axl interact with HIV-1 Env proteins via enzyme-linked Immunosorbent assays {#s0045}
-----------------------------------------------------------------------------------------

Based on our findings that TIM proteins interact with gp140 proteins from different HIV-1 clades, we assessed the putative interaction between recombinant gp140 proteins and two other PtdSer receptors, AGER and Axl via ELISA method. In brief, ELISA plates were coated with recombinant gp140 HIV-1 proteins from clades A, B, C, D, and F, followed by the addition of +/− AGER His-tagged protein ([Fig. 3](#f0015){ref-type="fig"}A) or +/− Axl His-tagged protein ([Fig. 3](#f0015){ref-type="fig"}B). The plates were then incubated with mouse anti-His~6~ antibody, washed, blocked, and treated with goat anti-mouse IgG-HRP. We observed significant binding of recombinant AGER protein to all recombinant gp140 proteins, with BR29/HIV/Clade F exhibiting the highest AGER binding (*P* ≤ 0.001). ([Fig. 3](#f0015){ref-type="fig"}A). In contrast, we observed minimal binding of recombinant Axl to all recombinant gp140 proteins ([Fig. 3](#f0015){ref-type="fig"}B), although binding was significantly increased compared to controls for clades A, C, D and F. These findings suggest that only a weak interaction exists between HIV-1 gp140 and Axl, whereas the interactions between HIV-1 gp140 and TIM-4 or AGER are dominant. Based on the high binding affinity of HIV-1 gp140 proteins to TIM-4 and AGER, we evaluated the kinetics of TIM-4 and AGER to HIV-1 gp140 UG21 clade D.Fig. 3HIV-1 envelope binds AGER and Axl proteins. ELISA plates were incubated with 200 ng/well of recombinant gp140 proteins (UG37/HIV/Clade A, SF162/HIV/Clade B, CN54/HIV/Clade C, UG21 HIV/Clade D, or BR29/HIV/Clade F). The plates were washed and blocked, followed by the application of (A) AGER-His~6~ protein (400 ng/well, n = 3) or (B) Axl-His~6~ protein (400 ng/well, n = 3). Binding buffer was used as controls in A and B. Next, mouse anti-His~6~ monoclonal antibody (1:5000) was applied to the plate after washing and blocking. Goat anti-mouse antibody IgG-HRP (1:5000) was applied to the plate, which was then treated with OPD peroxidase substrate and read at OD450 nm. (\*) = *P* ≤ 0.05, (\*\*) = *P* ≤ 0.01, (\*\*\*) = *P* ≤ 0.001.Fig. 3

3.4. Binding of HIV-1 UG21 gp140 envelope protein to TIM-4 or AGER {#s0050}
------------------------------------------------------------------

The binding of the trimeric HIV-1 UG21 gp140 envelope protein to TIM-4 and AGER was determined by surface plasmon resonance (SPR) using a Biacore T200 biosensor instrument (GE Healthcare Life Sciences). We found, for the first time using SPR, that the HIV-1 UG21 gp140 envelope protein specifically binds both TIM-4 and AGER. In addition, the SPR results provide insight into the association and dissociation kinetics of the interactions between HIV-1 UG21 gp140 and TIM-4 or AGER. Complex binding of HIV-1 UG21 gp140 to both TIM-4 or AGER was observed, suggesting a biphasic interaction with both proteins. Interactions did not conform to the typical 1:1 L binding fit, but instead conformed to the two-state fit as shown in [Fig. 4](#f0020){ref-type="fig"}.Fig. 4Representative SPR sensorgrams of specific binding of trimeric HIV-1 UG21 gp140. TIM-4 and AGER proteins were amine coupled to Sensor CM5 chip surfaces according to the manufacturer\'s recommendations. A series of HIV-1 UG21 gp140 concentrations (0.0625--1.0 μM) were injected (30 μl/min) over a blank Sensor CM5 chip amine coupled (A) TIM-4 or (B) AGER surfaces. Specific binding responses (resonance units \[RU\]) were defined by double referencing, subtraction of non-specific binding to a blank CM5 surface, and buffer (controls). Kinetic constants were estimated using BIA evaluation software and global fits of the data, based on the two-state reaction model, as indicated by the dotted black curves. Data are representative of at least three experiments.Fig. 4

The interaction of HIV-1 UG21 gp140 and TIM-4 was characterized by a relatively fast initial association constant (ka~1~ = 5.03 × 10E + 4 Ms^− 1^), indicating HIV-1 UG21 gp140-TIM-4 complex formation, followed by a much slower association constant (ka~2~ = 1.39 × 10E − 2 Ms^− 1^), indicating a conformational change in the complex ([Table 1](#t0005){ref-type="table"}). Similar observations were made for the HIV-1 UG21 gp140-AGER interaction (association constants of ka~1~ = 7.83 × 10E + 4 Ms^− 1^ and ka~2~ = 1.40 × 10E − 2 Ms^− 1^) ([Table 1](#t0005){ref-type="table"}). The resultant HIV-1 UG21 gp140-TIM-4 and HIV-1 UG21 gp140-AGER complexes were stable, as indicated by the slow initial dissociation constants and the final dissociation constants (HIV-1 UG21 gp140-TIM4: kd~1~ = 1.70 × 10E − 2 (1\\s) and kd~2~ = 1.84 × 10E − 3 (1\\s); HIV-1 UG21 gp140-AGER: kd~1~ = 4.17 × 10E − 2 (1\\s) and kd~2~ = 1.91 × 10E − 3 (1\\s)) ([Table 1](#t0005){ref-type="table"}). Although the data indicate that the association (ka) of HIV-1 UG21 gp140 to AGER is faster than its association to TIM-4, its dissociation (kd) from TIM-4 is slower, which results in a \> 1.5-fold increased affinity (KD) for TIM-4 compared to AGER ([Table 1](#t0005){ref-type="table"}). Overall, the complex two-state associations of UG21 gp140 to TIM-4 and AGER may be due in part to the fact that gp140 is trimeric and is also relatively heavily glycosylated.Table 1Kinetic analysis of HIV-1 UG21 gp140 binding to TIM-4 or AGER.Table 1Immobilizedka~1~ka~2~kd~1~kd~2~KD10E + 4 (1/Ms)10E − 2 (1/Ms)10E − 2 (1/s)10E − 3 (1/s)10E − 8TIM-45.031.391.701.843.97AGER7.831.404.171.916.39

An injection time test (linked reaction control experiment) was performed to validate conformational changes at the binding time ([Supplementary Fig. 1](#f0030){ref-type="fig"}, [Supplementary Fig. 2](#f0035){ref-type="fig"}). As indicated in the [Supplementary Fig. 1](#f0030){ref-type="fig"}, [Supplementary Fig. 2](#f0035){ref-type="fig"}, the dissociation was clearly dependent on the contact time, thereby indicating linked reactions in the HIV-1 UG21 gp140-AGER and TIM-4 interactions. A linked reaction indicates that there is an initial interaction followed by a conformation change.

4. Discussion {#s0055}
=============

Earlier studies have shown that the HIV-1 interacts directly with TIM family proteins. In summary, we found that lysate containing HIV-1 envelope protein (clade B) binds directly to recombinant TIM-4 protein. In addition, ELISA demonstrated that varying clades of HIV-Env glycoproteins differentially bind to TIM-4 and AGER proteins. Furthermore, the HIV-1 UG21 gp140 clade D envelope protein has specificity for both TIM-4 or AGER (TIM4 \> AGER). This binding was biphasic for both proteins, and our findings suggest that the binding kinetics may be dictated by conformational changes of the trimeric and glycosylation state of gp140.

In contrast, we observed minimal binding of recombinant Axl to all recombinant gp140 proteins, although binding was significantly increased compared to controls for clades A, C, D and F. These findings suggest that only a weak interaction exists between HIV-1 gp140 and Axl, whereas the interactions between HIV-1 gp140 and TIM-4 and AGER are dominant. To our knowledge, our results are the first to reveal TIM-4 and AGER as gp140 glycoprotein binding proteins, which may open a new line of investigation for HIV-1 targets. Analysis via SPR revealed that both proteins have similar binding affinities for HIV-1 UG21 gp140, whereas another PtdSer receptor, Axl, exhibited less binding affinity for UG21 gp140 (SPR data not shown). Our SPR data suggest that the binding of HIV-1 UG21 gp140 clade D to TIM-4 or AGER demonstrates an interactions characterized by initial complex formation followed by conformational change. Our work could potentially enhance the understanding of the dynamic interaction between HIV proteins/lipids and other proteins. Our work demonstrates how proteins that bind the phosphatidylserine in the viral envelope could also bind to gp41. This interaction is novel and it does not contradict any of the current knowledge of viral membrane remodeling during the fusion events [@bb0105], [@bb0110]. Theoretically, the PS-binding proteins could have a dual role in binding to both the HIV envelope lipids and HIV-specific proteins. [Supplementary Fig. 1](#f0030){ref-type="fig"}, [Supplementary Fig. 2](#f0035){ref-type="fig"}, demonstrate the dissociation was clearly dependent on the contact time, thereby indicating linked reactions in the HIV-1 UG21 gp140-AGER and TIM-4 interactions. A linked reaction indicates that there is an initial interaction followed by a conformation change. The cell specificity for TIM-4 and AGER proteins would make certain cell types more vulnerable to HIV-1 binding and subsequent entry. These novel studies, therefore, introduce novel *in vitro* ligand and receptor binding partners for the development of new targets and understanding HIV-1 binding.

4.1. Statistical analyses {#s0060}
-------------------------

Statistical analyses were performed with the unpaired two-tailed Student *t*-test, assuming unequal variance. Statistical significance was defined as *p* ≤ 0.05.

The following are the supplementary data related to this article.Supplementary Fig. 1The binding curves obtained with UG21 gp140 (2 μM) binding to AGER for 0.5, 3 and 10 min.Supplementary Fig. 1Supplementary Fig. 2The binding curves obtained with UG21 gp140 (2 μM) binding to TIM-4 for 0.5, 3 and 10 min.Supplementary Fig. 2
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